We perform molecular dynamics simulations of the hydrophobic collapse of two paraffin plates to examine how the collapse is mediated by realistic paraffin-water attractive van der Waals forces. We explore several aspects of the drying transition between the plates, including the critical separation for drying and the critical size of the vapor bubble required for the nucleation of the drying event. We also investigate the kinetics of hydrophobic collapse and find that the hydrophobic collapse occurs in about 100 ps. We compare these results with the simulations with the plate-water van der Waals attractions turned off and with recent results on the hydrophobic collapse of multidomain proteins. Last, we discuss the relationship among the dewetting transition critical distance, van der Waals potential well depth, and water contact angle on solute surface using a simple macroscopic theory.
Introduction
Understanding the hydrophobic interaction has long been recognized as the key to understanding many important problems, 1 such as protein folding, [2] [3] [4] [5] self-assembly of amphiphiles, 6 and capillary evaporation. [7] [8] [9] [10] Many biomolecules are characterized by surfaces containing extended nonpolar regions, and the aggregation and subsequent removal of waters between these hydrophobic surfaces is believed to be crucial. It is now widely known that small hydrophobic solutes hydrate differently than large ones. Small solutes such as methane can fit into the water hydrogen-bond network without destroying much of the hydrogen bonds, 11, 12 whereas larger hydrophobic solutes induce reorganization of water molecules. 10, 13, 14 More interestingly, there might exist a drying layer as large as several water molecules around strongly hydrophobic surfaces, as first suggested by Stillinger 15 and then studied by many other groups. 6, 9, [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] In theoretical studies of these important phenomena it is often useful to invoke simple macroscopic theories or simplified computational models. 6, 9, [16] [17] [18] [19] 21, 24, 25 One particular such model is that the solute-water interaction is purely repulsive. 29 Water dramatically reorganizes between such particles as they are brought together, so much so that for interparticle distances smaller than a certain critical distance, D c , there can be a spontaneous drying transition that is a cavityinduced liquid-gas-phase transition 30, 31 where the interparticle region becomes devoid of water. 29 When the solute-water interaction also has weak van der Waals attractions, the same phenomena are observed, although then D c is expected to be smaller 25, 29 the water depletion around single particles is either diminished or disappears completely. 29 It is of interest to investigate how sensitive drying and depletion are to the strength of the solute-water attractions, especially for realistic solutewater attractions. 32, 33 That attractive interactions can have a profound effect on these phenomena is clearly illustrated by recent molecular dynamics simulations of the collapse of a two-domain protein, the BphC enzyme, into a globular structure which examined how water molecules mediate hydrophobic collapse of proteins. 34 Liquid water persisted in the interdomain region with a density 10-15% lower than in the bulk, even at small domain separations. Water depletion and hydrophobic collapse occurred on a nanosecond time scale, fully 1 or 2 orders of magnitude slower than that found by simulation in the collapse of idealized paraffin-like plates. When the electrostatic protein-water forces were turned off, a drying transition occurred in the interdomain region and the collapse speeded up by more than an order of magnitude. When attractive van der Waals forces were turned off as well, the dewetting in the interdomain region became more profound and the collapse became even faster. These findings show that realistic solute-water forces play a significant role in hydrophobic collapse. Clearly electrostatic forces between protein and water might be expected to be important. It is interesting that the van der Waals attractions play an important role as well.
To better understand the role of attractive van der Waals forces in hydrophobic collapse we extend our previous work on simple plates to two paraffin plates interacting with realistic van der Waals forces rather than the very weak forces in our previous publications. To make contact with the previous work 29 we fit the Gay-Berne potential to explicit plates consisting of five parallel n-C 18 H 38 hydrocarbon chains in the all-trans conformation, oriented parallel to the water interface. In this connection we mention the simulations of Jensen et al. 26 of depletion around paraffin with the molecules oriented perpendicular to the interface. In the present study of realistic paraffin plates we address the following questions.
(a) Given the stronger water-plate attractions, is there a drying transition for these realistic paraffin plates?
(b) If there is a drying transition, what is the critical size of the vapor cavity in the interplate region required for nucleation of dewetting when the separation between the plates is approximately the critical separation?
(c) For the realistic case of paraffin plates will we observe the same kinetic mechanism for collapse that we observed for the idealized case where the plate-water interaction was purely repulsive. That is, do we see the region between the approaching plates suddenly dry after which the plates quickly collapse?
(d) How do the kinetics of hydrophobic collapse depend on whether plate-plate attractions are present or absent? Will the collapse be significantly faster with plate-plate attractions on?
(e) When can we expect to see dewetting? For example, if for a paraffin plate we see it, should we also see it for an equalsized graphite plate. Interestingly, macroscopic theory predicts that we should not.
System and Methods
The paraffin plate in this study is fit from five n-C 18 H 38 molecules which are aligned in parallel in one plane (the crystal structure of n-C 18 H 38 taken from Cambridge Crystallographic Database 35 ), as shown in Figure 1a . Two such identical paraffinlike plates are then solvated in SPC water. 36 The Gay-Berne potential is used for the interaction between the ellipsoidal plates and water (oxygen atom of water) and between the two plates 29,37-39 with parameters determined by a similar procedure described elsewhere. 29, 38, 39 The OPLSUA force field is first adopted for the n-C 18 H 38 molecules. 40 The CH 3 and CH 2 groups are modeled as uncharged Lennard-Jones(LJ) particles. For the CH 3 group σ CH3CH3 ) 3.905 Å and CH3CH3 ) 0.175 kcal/mol. For the CH 2 group σ CH2CH2 ) 3.905 Å and CH2CH2 ) 0.118 kcal/mol. 40 The mass of each plate is chosen to be the mass of five n-C 18 H 38 molecules. The Gay-Berne water-plate interaction is then fit to the water-paraffin potential with angle φ ) 0°(see Figure  1a) . The water-plate Gay-Berne interaction is taken to be
, σ | , and σ ⊥ are the axial ratio and lengths of the oblate ellipsoid along the major and minor axes, respectively (see Figure 1b) ; θ is the angle between the major axis of the ellipsoid and the unit vector pointing from the center of the ellipsoid to water's oxygen atom, as shown in Figure 1a . In the water-plate GayBerne potential, the dependence of on and angle θ has been fitted to a function ) (0.9161 -0.5957/(1 + e -0.9982(σ( ;θ)-9.8703) )), with parameters σ ⊥ , σ | , and σ 0 equal to 14.1, 3.2, and 4.6 Å, respectively. Both the best-fitted water-plate Gay-Berne potential and the original OPLSUA/SPC water-paraffin potential versus different angles θ are displayed in Figure 1c . The fitted potential curves reproduce the original force field potentials reasonably well.
The Gay-Berne potential (see eq 1) is also used to fit the interaction between the two paraffin plates. and σ in eq 1 are redefined 37 to be and where u 1 and u 2 are, respectively, the unit vectors along the major axis of ellipsoid 1 and ellipsoid 2. r is the unit vector pointed from the center of ellipsoid 1 to the center of ellipsoid 2. has the same definition as in eq 1. The fitted values of σ ⊥ , σ | , σ 0 , and 0 are 5.3 Å, 4.2 Å, 4.6 Å, and 73.9 kcal/mol, respectively, when the two paraffin-like plates are parallel.
In the following simulations a position restraint potential is also applied to force the plates to remain parallel to the X-Y plane where i labels each of the two points on the major axis of each ellipsoid. The major axis of the ellipsoids was chosen to be along the laboratory Z axis, and k pr is the force constant, 5000 kcal/mol Å 2 . In addition to this plane restraint force there is another restraint applied to prevent the plates from diffusing too far apart in kinetics studies where D is the distance between centers of the plates, k dr ) 1 kcal/Å 6 , and D 0 was chosen to be 20 Å in this constraint.
The simulations were performed at constant temperature (298.15K) and pressure (1 atm) with Nose-Hoover chain (NHC) thermostats and an Andersen-Hoover-type barostat 41, 42 using the program SIM. 43 The RATTLE 44 algorithm was used to constrain the internal geometry of the water molecules, and the particle-particle particle-mesh Ewald method 45, 46 was used to treat long-range electrostatic interactions. A box with 2048 water molecules was first equilibrated for 150ps, then the ellipsoids were introduced, and the overlapping water molecules 
were removed. A series of simulations were performed to study both the thermodynamic and kinetic behaviors of the paraffinplate water system. One caveat that should be noted is that NPT MD introduces fictitious dynamics both from the temperature and pressure control. New fictitious degrees of freedom are introduced with corresponding kinetic energies, fictitious masses, and fictitious frequencies. These influence the time scales and can affect the rate processes observed. We are presently studying these issues. Preliminary work comparing NPT and NVE ensembles suggests that kinetic time scales in the NPT dynamics can be different than in a suitably equivalent NVE ensemble, but the kinetic mechanisms might be very similar. For drying dynamics we are comparing the NPT ensemble to an NVE ensemble in which the plates are dispersed in a sheet of water surrounded by vapor on either side. Thermodynamic and structural equilibrium properties are expected to be the same for the two ensembles.
Results and Discussion
It is known from previous simulations as well as macroscopic theory that D c , the critical separation for drying between the plates, will decrease as the strength of the van der Waals attractive interaction is increased. 29 For example, for parallel cylindrical plates it has been shown 29 that when the contact angle, θ c , for water in contact with the plate is obtuse, D c ∝ cos θ c (with similar results for parallel oblate ellipsoidal plates (Gay-Berne plates)). Since the contact angle decreases as the strength of the attraction between water and the plate increases, D c should also decrease. For sufficiently strong attractions we thus expect θ c to eventually become acute, at which point no drying transition will occur. In fact, for obtuse contact angles close to 90°drying may be possible in principle but not in practice because the predicted D c gets so small that steric effects will not allow a layer of water to fit between the plates. Drying is thus very sensitive to the strength of the attractive forces. For example, at room temperature the contact angle of water on graphite is known to be acute so that, if macroscopic theory is valid down to such small separations, drying should not occur. What is the situation for paraffin, the quintessential waxy hydrophobic substance? In a previous paper 29 we studied fictitious Gay-Berne plates in water, but we chose arbitrary parameters for the force field which in retrospect correspond to a much weaker water-plate attraction than for paraffin. Our previous work correlated very well with the predictions of macroscopic theory both for D c and for the free energy barriers to nucleation of a vapor bubble in the drying phenomenon. Here we focus on simulating something akin to real paraffin, although the Gay-Berne model, fit as we describe above, may still be a significant oversimplification. In addition, the foregoing discussion is predicated on the validity of macroscopic theory, a theory that may well breakdown at some point for the small systems described in this paper, despite the fact that our foregoing results on idealized plates seem to correlate with macroscopic theory.
Two 200 ps simulations with different initial conditions were launched for each given interplate distance D from 6.5 to 15 Å, one simulation with water initially filling the interplate region ("wet" initial condition) and the other with water initially removed from this region ("dry" initial condition). Results for interplate distances D ) 7, 9, and 11 Å are displayed in Figure  2a , b, and c, respectively. In the simulation of D ) 7 Å with wet initial conditions (see the first row of Figure 2a ), large fluctuations were observed in the region between the plates. At about 100 ps a large cavity forms in this region. The system then dries, and it remains dry for the rest of the simulation.
When dry initial conditions are deployed instead, the system remains dry for the entire 200-ps simulation (see the second row of Figure 2a) . Thus, the dry state is found to be the thermodynamically more stable state for D e 7 Å. In the current system D ) 6.4 Å is the smallest interplate distance for which one layer of water molecules can fit sterically between the two plates. When the interplate distance D g 11 Å, the "wet" state becomes the thermodynamically more stable state, as shown in Figure 2c . In this case, when the system starts from the "dry" initial condition, water quickly refills the interplate gap in about 100 ps. When the system starts from the "wet" initial condition, it remains wet for the entire 200-ps simulation. For cases with D ranging from 7 to 11 Å, hysteresis is observed in the 200-ps run, that is, simulations starting from "wet" initial conditions remain wet and simulations starting from "dry" initial conditions remain dry (see Figure 2b) . Large fluctuations are also observed in all of these simulations. We conclude that the critical distance for paraffin plates, of the size studied and under the thermodynamic conditions simulated, lies somewhere in the range 7 Å e D c e 11 Å.
The simple macroscopic theory 29 predicts, and simulations confirm, that there are free energy barriers for the transitions wet f dry and dry f wet. These barriers can become quite large at D ≈ D c . Thus, it is not unexpected to observe hysteresis in the paraffin plates. When 7 Å e D e 11 Å, fluctuations are observed for plates started from the "wet" initial condition and small vapor cavities arise and regress in the interplate region but the system still remains partially wet. In order for the system to pass over the free energy barrier to become "dry", vapor cavities of a critical size must grow to nucleate the dewetting of the interplate region. A series of 100-ps simulations were performed to study the critical size of the vapor cavity at different D. Initial configurations were prepared with different sized cylindrically shaped vapor cavities between the two plates (radii r ) 3, 4, ..., 11 Å) and with an interplate separation fixed at D ) 7.5 Å. In the simulation with r ) 3 Å, as shown in Figure 3a , it takes about 10 ps for the water to fill up the cavity and the system stays wet for the rest of the simulation. When the initial cavity size r is increased to 4 Å, the cavity grows and the interplate region dries in about 100 ps, as shown in Figure 3b . When the cavity size r is greater than 4 Å, the interplate region dries. These results indicate that for an interplate distance D ) 7.5 Å, the critical vapor cavity radius for the nucleation of a vapor bubble and thus for the wet f dry transition is between 3 and 4 Å for plates of radius 14.1 Å.
The critical cavity size r c is also computed for other interplate distances. When D ) 8.5 and 10.0 Å, r c is found to be between 4 and 5 Å and between 6 and 7 Å, respectively. When D g 11 Å, r c does not exist because even if a vapor cavity as large as the entire interplate region is initiated, the system still returns to the "wet" state. The existence of a critical vapor cavity radius means that the "wet" and "dry" states are separated by a free energy barrier. The system can stay in either of the two states for a long time until activated. To determine which state is the thermodynamically more stable state for a given separation near D ≈ D c , a long MD simulation would be required to generate enough statistics to determine the probabilities of the "wet" and "dry" states.
Despite the attractive water-plate van der Waals interactions in paraffin, we observe a drying transition, as expected from macroscopic theory with the experimental contact angle for paraffin. The question now is will we observe the same twostep mechanism for hydrophobic collapse that we previously observed for the idealized hydrophobic plates with purely repulsive plate-water interactions? That is, does the interplate region suddenly dry before the plates collapse? To answer this question we generated eight molecular dynamics trajectories each starting at an initial interplate distance of D ) 9 Å and each of length 100 ps. The initial configurations for these eight trajectories were taken at intervals of t ) 20 ps after the first 40 ps from the previous 200 ps trajectory for plate separation fixed at D ) 9 Å (as shown in the first row of Figure 2b ). In these simulations the direct plate-plate interaction is turned off. Plates were only allowed to move along the Z axis and also precluded from drifting apart to distance larger than 20 Å (approximately one-half of the box length). In six of the eight 100-ps trajectories the plates just diffuse around the initial separation, sometimes even diffusing apart. Since plates do not directly interact with each other in these simulations, the motion of the plates is only driven by their hydrophobic response to the solvent. Presumably the plates would collapse if the trajectories were continued beyond 100-ps simulations for some of these trajectories. In the remaining two trajectories the two paraffin plates do indeed collapse. Each of these later two trajectories were then extended for an additional 200 ps to generate more data. Snapshots as time progresses are shown in Figure 4a , where it can be seen that initially there is more than a monolayer of water between the two plates. As time progresses bubbles arise but then regress until a large enough bubble forms at approximately t ) 220 ps, and then the full drying transition takes place between the two plates. Thereafter the two plates collapse quickly and come into contact. Figure 4b shows the time evolution of the plate-plate separation corresponding to the snapshots in Figure 4a . During the period when the bubbles arise and regress the separation between the two plates diffuses around D ) 7.2 Å, but because of the stronger paraffin-water attractions the behavior is somewhat slower compared to the idealized plates. In the case of the idealized plates the critical separation is larger and it is easier to observe the two-speedlike collapse than when attractions are present. Furthermore, the simple macroscopic theory might be more applicable for the idealized plates than for the realistic paraffin plates because more water molecules fill the interparticle gap in the former than in the later (where only a monolayer of water is involved). In the foregoing simulations the plates interact with water but not with each other. How do direct interactions between the plates alter the time course of the collapse? To answer this we repeat the foregoing simulations by including the GayBerne plate-plate interactions where the parameters were determined as outlined in section 2. Starting from the same eight initial configurations as described above (i.e., without direct plate-plate interactions), we find that in all eight trajectories the two plates collapse in less than 100 ps. The result for a typical trajectory is shown in Figure 5 . Comparing the snapshots here with those of Figure 4 we see that when the plates attract each other directly the collapse speeds up. Initially the plates are separated by more than one monolayer of water. In approximately 30 ps they become separated by essentially only one monolayer of water. This process is much faster, by almost a factor of 3, than in the earlier case where the plates do not interact with each other. This is probably because the two plates are executing forced diffusion under an attractive force (described by the Smolochwski equation 47 ). Thereafter a twodimensional bubble forms and grows with no observable regression. The remainder of the collapse looks very similar to the case when there is no attractive force between the plates, i.e., a cavity grows and reaches critical size, the region dries, and the plates fully collapse. In all of the eight trajectories this whole process takes about 50-100 ps, again between two to three times faster than in the case of the noninteracting plates. The attractive interaction between the plates speeds up the diffusion of the plates to the critical separation and results in hydrophobic collapse for all eight trajectories, while in the corresponding simulations for plates without plate-plate interactions, only two out of eight were observed to collapse in the given simulation time. Clearly, if the attractive plate-plate forces are strong enough, vapor cavities might be forced to form rather than arising from spontaneous thermal fluctuations.
It is interesting to note that both the critical distance and the collapse time of the paraffin-like plates are similar to the twodomain protein BphC when the protein-water electrostatic interaction is turned off, 34 even though the protein system is much more complex. In the two-domain protein case with the protein-water electrostatic interactions turned off (Turnoff1 option in ref 34) the critical distance is found to be between 7 and 9 Å and the two-domain collapse time is approximately 150 ps.
From the foregoing simulations a simple picture emerges. Drying-induced collapse occurs between waxy plates such as paraffin. Will it be seen in graphite under similar conditions in which liquid water coexists with its vapor? It is interesting to note that in recent computational studies by Hummer and coworkers of water inside a carbon nanotube and by Pettitt and co-workers 48,49 of water between two graphite-like plates dewetting was not observed. In these studies the solute-solvent attraction is approximately 2 times stronger than in our paraffinlike plates and approximately 4 times stronger than in our previous work on idealized hydrophobic plates 29 (with the same fitting procedure as described in section 2, the well depth in the Gay-Berne potential will be -1.83, -0.91, and -0.42 kcal/ mol for graphite plates, paraffin plates, and previous idealized plates, respectively). As mentioned earlier, a simple macroscopic thermodynamic model based on Young's equation allows one to approximately predict the critical distance for drying. 29 This critical distance depends on the size of the ellipsoidal plates and the contact angle between the plate and water. gives plots of the critical distance D c versus the radius of the plate for different contact angles predicted by macroscopic theory. For a given plate size σ ⊥ , D c decreases as the contact angle gets smaller. The larger the contact angle, the greater will be the critical distance. On the other hand, the larger the attractive interaction between the plates and water, the smaller will be the contact angle. From this plot it can be seen that for small, yet obtuse, contact angles, that is, for large values of the LJ parameter , the critical distance can be too small to allow for any dewetting. Clearly, dewetting will disappear when the critical distance is too small to even allow one layer of water to fit into the interplate region at the critical separation. Interestingly, Lundgren 50 et al. recently studied the water contact angle versus the Lennard-Jones potential well depth between the solute and solvent. They also calculated the contact angle for the graphite surface, θ c ) 83°, which agrees well with the experimental value of θ c ) 86°, an acute contact angle. For this case macroscopic theory predicts that drying will not occur for any size graphite plates. Two graphite monolayer plates must be approximately at least 6.2 Å apart to accommodate one layer of water. Thus, no dewetting transition should be observable for graphite plates. On the other hand, the contact angle will be about 115°for our paraffin-like plates from Lundgren's data ( Figure 8 in ref 50 ), which gives a critical distance of about ∼7 Å, in excellent qualitative agreement with our above findings. The contact angle will further increase to about 148°f or the previous idealized full-potential hydrophobic plates, and the predicted critical distance of ∼13 Å also agrees very well with our previous findings from computer simulation. 29 For purely repulsive hydrophobic plates the contact angle will then approach 180°, and the critical distance will be even greater for the same plate size. Thus, in conclusion, the nonexistence of drying in carbon nanotubes or graphite-like plates is probably because they attract water much more strongly than the paraffin plates, with a resulting water-graphite contact angle near 90°a nd a very small critical distance (if one exists) that cannot accommodate even one layer of water molecules. Needless to say, the macroscopic theory is likely to break down for the prediction of small critical distances because so few water molecules are involved.
Finally, we simulate all-atom paraffin molecule plates containing five C 18 H 38 molecules as shown in Figure 1a . Here the molecules in the plates are taken to be parallel to the platewater interface instead of perpendicular to the interface as in a recent publication. 26 At each interplate distance D (defined as the closest distance between the nucleus of C atoms in the two paraffin molecule plates) two 500-ps simulations are performed with "wet" and "dry" initial conditions, respectively. The critical distance range for this molecule plate system is found to be between 6.9 and 7.5 Å. When D e 6.9 Å, a complete dewetting is observed. D ) 6.4 Å is the smallest distance for water to fit between the two molecule plates sterically. This observation is consistent with the results of the fitted Gay-Berne plates described above. The critical distance range for this system, 6.9 Å e D e 7.5 Å, is somewhat smaller than that in the fitted Gay-Berne plates system, 7 Å e D e 11 Å. This difference in D c range may be due to the rough surface of the all-atom paraffin plates made by five C 18 H 38 molecules. The troughs between paraffin molecules in each plate form more attractive regions for water molecules to occupy, which might effectively reduce the upper bound of the critical distance. These troughs can act as "traps" for water molecules for D > 7.5 Å, as observed in the trajectory movies.
To investigate the sensitivity of dewetting to the strength of solute-solvent attractions we also perform a series of simulations with previously studied all-atom graphite systems 48, 49 in SPC water using different water-carbon interactions. Each graphite plate has 170 carbon atoms with C-C bond lengths of 1.4 Å, and the size of the plate (r ≈ 14 Å) is similar to the paraffin plate described in Figure 1a . The interplate distance is fixed to be 6.8 Å, but the strength of the water-plate interaction varies. A series of 500-ps simulations starting from "wet" initial conditions is performed for different water-carbon interactions.
The results are displayed in Table 1 . No drying was observed with the normal graphite potential 48 (case 1 in Table 1 , CC ) 0.086 kcal/mol and CO ) 0.1156 kcal/mol), which is consistent with the above contact angle analysis and previous simulations. 49 The equivalent Gay-Berne potential well depth of the watergraphite plate interaction is estimated to be about -1.83 kcal/ mol. The reason we use the Gay-Berne well depth for comparison is because we cannot simply compare the van der Waals CC alone due to the different compactness of C atoms in graphite or paraffin moleculessC atoms in graphite are more compact than those in the paraffins. However, when the watercarbon interaction CO is decreased to 0.0611 kcal/mol ( CC ) 0.024 kcal/mol), dewetting is observed in a 500-ps simulation (case 6 in Table 1 ). When the water-carbon interaction is even weaker, the system will always dry. Interestingly, the GayBerne potential well depth of the paraffin plate is about -0.91 kcal/mol, which is equivalent to case 7 in Table 1 . Dewetting is expected and also observed in this case, a result consistent with the conclusion drawn from the paraffin plate simulations. It is interesting to note that when CO ) 0.0647 kcal/mol the system first dries and then wets (water refills the interplate region) during the 500-ps simulations. A much longer simulation also shows the system fluctuates between the "dry" and "wet" states, indicating that D ) 6.8 Å is roughly the critical distance for the graphite system with CC ) 0.027 kcal/mol (case 5 in Table 1 ).
Conclusion
Molecular dynamics simulations of two Gay-Berne paraffin plates in water are consistent with there being a critical distance D c such that when the plates are brought together closer than D c spontaneous drying takes place. This conclusion is based on the following observations. For plate separations D e 7 Å (with plates fixed in space), the system starting from both "dry" and "wet" initial conditions ends up in the "dry" state. On the other hand, when D g 11 Å, the final state is always observed to be the "wet" state, regardless of the initial condition. For separations close to the critical (7 Å e D e 11 Å), hysteresis is observed, i.e., starting from "wet" initial condition the system remains wet, and starting from "dry" initial condition the system remains dry. This is consistent with macroscopic theory, 29 which predicts that the free energy barrier between the "wet" and "dry" states will be large when plate separation is close to the critical distance D c . Simulations show that when the system is prepared with a large enough cavity inside the interplate region it can more easily cross the free energy barrier and dry. For example, the critical cavity sizes corresponding to interplate distances D ) 7.5, 8.5, and 10 Å are found from simulation to be between 3 and 4 Å, between 4 and 5 Å, and between 6 and 7 Å, respectively. Simulations on all-atom paraffin plates display the same features as seen in the Gay-Berne plates.
In the kinetics of collapse of the two paraffin-like plates the plates first diffuse together to near the lower estimate of the critical distance D c ≈ 7 Å. Then a drying transition takes place, expelling the last layer of water, at which point the plates completely collapse. This happens with and without attractive interactions between the plates. When the plates attract each other the initial diffusion process is biased by the attractive force, so that the plates get close faster, but after that the kinetics of collapse look very similar for the attracting plates as for the nonattracting plates. The overall collapse is a factor of between 2 and 3 times faster for the interacting paraffin plates than for the noninteracting plates.
Another important finding, both from macroscopic theory and simulation, is that the drying phenomenon is critically sensitive to the strength of the plate-water attraction or . In our previous study 29 as well as the present study we find that the critical separation for drying dramatically decreases as is increased. For large enough the contact angle of water on the surface becomes acute. In this regime macroscopic theory predicts that the critical separation for drying is zero and no cavity-induced liquid-vapor phase transition should occur. This is predicted to be the case for graphite plates, no matter how large they are. When the attractive interaction between graphite and water is scaled down, dewetting is observed, as expected from macroscopic theory. We do observe drying in relatively small paraffin plates because the paraffin-water attractive interaction is sufficiently weak that the contact angle is obtuse. In addition, the time scale for drying slows down as the strength of solutewater attractions increase.
